The annual wind roses in Abliene, TX, 100 km to the east of this complex of wind farms (Supplementary Figure 1) and for San Angelo, TX, 140 km south of this complex of wind farms (Supplementary Figure 2) depicts the predominance of southeasterly-southwesterly winds in this region, suggesting that wind would frequently cause Loraine to be upwind from Roscoe. The winds at Abilene are representative of the winds at Roscoe: for the month of the WRF simulations, the simulated 10-m wind direction at Abilene correlates with the simulated 10-m wind direction at Roscoe with a correlation coefficient of R=0.92. At 80-m altitude, the correlation coefficient is even higher, 0.94.
Supplementary Note 2
Using the datasets noted in the text, we construct several key variables. First, for each month in the sample, we calculate the monthly capacity factor #$ by dividing monthly net generation ℎ #$ by the corresponding potential generation based on capacity #$ for each wind farm. Second, using the latitude/longitude data for each wind farm, we calculate the directional vector in degrees between each wind farm as a measure of the spatial orientation of the wind farms. Third, for every hour in the surface wind dataset, we calculate the difference between the wind farm orientation and the actual wind direction. This value is normalized by 180 degrees, such that a wind direction that perfectly aligns with the wind farm orientation is equal to 1, and a wind direction exactly opposite the orientation (180 degrees off) is equal to 0. This value for each hour is then averaged for each month and year to generate a proxy index of wind direction #$ relative to the wind farm orientation.
Taken together, the final dataset consists of a time series of monthly observations of generation, capacity, capacity factor, and surface wind characteristics for each wind farm. The primary limitation of this dataset is that wake effects will vary spatially across the wind farm, depending on each turbine's spatial proximity to other wind farms, but that spatial aspect is averaged into the monthly generation total for the farm as a whole. Nonetheless, to the extent that wake effects exist, they should be detectable in the reported monthly generation for the entire farm.
Regarding the selection of which wind farms to examine from the data above, we considered 4 sites in Texas, Illinois, Kansas and Iowa. In addition to the spatial configuration, the timing of when the wind farms are built is also important. The Downwind and Control site need to be in operation for some time (two years or so) before the Upwind site is developed in order to establish an "un-waked" baseline relationship between the two wind farms. The Upwind site thus must be built after the Downwind and Control, but not too late in our sample, such that we have sufficient observations at the Downwind site post-Upwind construction (again, several years).
Supplementary Note 3
Three primary Ordinary Least Squares econometric models were considered. All three models are premised on using the capacity factor at the Control site to provide a counterfactual for what the capacity factor at the Downwind site would be, in the absence of wake effects from the Upwind site. The outcome variable in all models is #$ +,-. , which is the capacity factor in month and year at the Downwind site.
The first model has the following general form:
(1) whereby capacity factor in month and year at the Downwind site is regressed on the capacity #$ 34 at the Upwind site, the capacity factor #$ 7,.$ at the Control site, and a variety of fixed effects (for month # or year $ ) depending on the model variant. The coefficient of interest is , which represents the marginal change in wind farm capacity factor at the Downwind site due to one more MW of capacity built at the Upwind site. It is expected that will be negative, reflecting the existence of wake effects. The key control variable is #$ 7,.$ , where the coefficient represents how capacity factor at the Control site moves with the capacity factor at the Downwind site. It is expected to be positive and near 1. Three variants of this model are estimated -Model 1a does not include any fixed effects, Model 1b controls for monthly fixed effects, and Model 1c controls for month and year fixed effects.
The key model tradeoff is that the addition of fixed effects helps control for potential omitted bias in identifying our parameter of interest , but at the cost of reduced degrees of freedom and variation. Specifically, month fixed effects will control for any systematic monthly differences between Control and Downwind sites, such as maintenance and curtailment activities. Similarly, the year fixed effects control for any systematic differences in trends between Control and Downwind, such as differential degradation in performance or increased maintenance due to age. The concern about reduced variation is likely most prevalent for specifications with year fixed effects, as the year fixed effects $ and our variable of interest #$ 34 will be highly collinear, hindering the ability of the model to separately identify the coefficients.
Standard errors for all models are clustered at the season-year level to address heteroscedasticity and serial correlation concerns. While the above model provides a useful examination of the "average" wake effect, it ignores that wake effects will be most prevalent when the wind direction is in line with the spatial orientation of the wind farms. Thus, in Model 2 we allow the effect of capacity at the Upwind site on Downwind capacity factor to vary depending on the season, reflecting differences in prevailing wind direction across the year, as follows:
(2) whereby a dummy variable #$ < is created for each season (winter is Nov-Jan, spring is Feb-Apr, etc). Similar to Model 1, the coefficients of interest < represent the marginal change in wind farm capacity factor at the Downwind site due to one more MW of capacity at the Upwind site, with the key difference that there are now four of these coefficients -one for each season as indexed by the superscript . In Texas for example, we expect wake effects to be most prevalent in the winter months, when the winds are out of the south and southwest frequently.
While Model 2 is useful in establishing general seasonal patterns in wake effects, it misses the fact that there is substantial variation in monthly prevailing wind direction, even conditional on the season. Recall that #$ is an index variable that can vary between 0 and 1, reflecting how closely monthly wind direction matches up with the spatial orientation between the Upwind and Downwind wind farms (in Texas, the direction between Loraine and Roscoe is 248 degrees). Thus, in Model 3 we allow the effect of capacity at the Upwind site to vary depending on the observed wind direction relative to the wind farms' spatial orientation #$ : 
Interpretation of coefficients is now more complicated. The marginal effect on Downwind capacity factor of an additional MW of Upwind capacity is now given by ? + B #$ . Because a larger value for #$ implies greater wake effects (reduced capacity factor at the Downwind site), it is expected that B will be negative. Two model variants are considered. In Model 3a, the direction variable #$ is based on the average of the raw hourly wind direction, while in Model 3b (our preferred model), hourly wind direction is weighted by the cube of hourly wind direction, reflecting the cubic power curve for wind power generation. Note that monthly fixed effects # are dropped from the Texas and Illinois cases for Model 3 due to overfitting concerns, as joint Ftests cannot reject the null that all coefficients are equal to zero.
Model 3 is our preferred model (Model 3b in particular) for two reasons: First, it more closely matches the physical processes that generate wake effects, and second, it introduces an additional source of exogenous variation (wind direction) which allows for more credible identification of the key model coefficients. Table 1 summarizes the results from the above models and their variants for the Texas case. The estimation of Model 1a, the simplest variant, yields a negative and statistically significant coefficient on Upwind site capacity of -0.000574, indicating the presence of wake effects. Note, the fact that the coefficient on Control site capacity factor is near 1 is reassuring, in that it suggests the Control site is effectively controlling for month-tomonth differences in weather conditions. While the wake effect coefficient may seem small, recall that this is the estimated marginal effect on Downwind capacity factor of a single MW of Upwind capacity. Given that there are 150 MW of capacity at Loraine, this implies a total reduction in capacity factor at Roscoe of 0.0861. Given that average capacity factor in 2008-2009 for Roscoe is around 0.32, this is a more than 25% decline in capacity factor, implying a sizeable loss of production due to wake effects. However, recall that this model does not adjust for any month or year fixed effects, nor does it differentiate by wind direction, so further exploration is warranted before taking those estimates as credible.
Supplementary Supplementary
Results from Model 1b, which adds monthly fixed effects, are consistent with those in Model 1a, with an again sizeable total capacity factor decline due to wake effects of 0.0771. By contrast, adding both month and year fixed effects in Model 1c substantially reduces the estimated coefficient on Upwind capacity, and it is no longer statistically significant. Though insignificant, the point estimate implies a reduction in capacity factor of 0.0200, or about 6% relative to Roscoe's average capacity factor in 2008-2009. Thus, the results from Model 1, which simply looks for an average marginal effect of Upwind capacity on Downwind capacity factor, are somewhat mixed between Models 1a and 1b versus 1c in terms of statistical significance and magnitude.
Turning to the estimation of Model 2, recall that this model allows the effect of Upwind capacity to vary by season. Consistent with prevailing seasonal wind direction, we find a large and statistically significant negative effect in the winter months of -0.000568, or a total capacity factor reduction of 0.0852 during winter months. Average Roscoe capacity factor during winter months in 2008-2009 was 0.41, so this represents a 20% reduction in winter capacity factors due to wake effects. Outside of the winter months however, no statistically significant effect is found.
Finally, the results of the preferred Model 3 are presented in the last two columns of Supplementary Supplementary Table 1 , with Model 3a using raw hourly wind direction and Model 3b weighting wind direction by the cube of hourly wind speed. Estimated coefficients are similar across the two models, so we focus on Model 3b in the main text. Supplementary  Supplementary Figure 3 plots actual capacity factor, predicted capacity factor with wake effects, and predicted capacity without wake effects for Roscoe. Predicted capacity factors with wake effects track actual generation quite well, while the predicted capacity factor without wake effects illustrates the divergence between actual capacity factors and our counterfactual estimates of capacity factors without wake effects from Loraine.
The procedure above was replicated for our other considered sites in Iowa, Illinois/Indiana, and Kansas. Supplementary Supplementary Table 2 -Supplementary Table 7 In general, all cases show some evidence of wake effects, particularly in Models 2 and 3 when we allow wake effects to vary by season or wind direction. In Iowa, wake effects appear in the summer months when winds are most frequently out of the south. By contrast, winds in other months are out of the NW and SE, which is perpendicular to the orientation of the wind farms. In Illinois/Indiana, wake effects are present in all seasons, with large effects in the winter and spring. The strongest wind speeds are out of the west year-round, exactly in line with the orientation of the wind farms, with particularly frequent and strong winds out of the west in winter and spring. Finally, in Kanas, there are modest wake effects in the winter and spring, though typical wind directions throughout the year run perpendicular to the wind farm orientation. Table 8 reports economic and environmental implications for the Texas case based on several alternative model specifications. First, in our preferred model in the main text, the wake effect is modeled as a level decline in capacity factor at the downwind site. A plausible alternative is to model the wake effect as a percentage decline in capacity factor at the downwind site. Columns (2), (5), and (6) incorporate this alternative specification by logging the dependent variable, re-estimating the model, and calculating generation losses, revenue losses, and CO2 abatement losses. Second, the main model captures the directionality of the wind with respect to wind farm orientation by calculating the degree distance between hourly wind speeds and the wind farm orientation (248 degrees). A plausible alternative is to model the impacts of wind direction as a dummy variable that simply captures the presence or absence of wake effects. Columns (3)- (6) incorporate this assumption replacing the degree distance index with a dummy variable equal to 1 when wind direction is within 248 degrees plus or minus 30 degrees, and equal to zero at all other times.
Finally, Supplementary Supplementary
Across all of these specification variants, the results in Supplementary Supplementary Table 8 tell a fairly consistent story of economically and environmentally significant wake effects, with the base model results reported in the main text representing the median across specifications. Specifically, generation losses from 2010-2015 are on the order of 100,000s of MWh, revenue losses from 2011-2015 are on the order of several million dollars, and foregone CO2 abatement is on the order of 100,000 tons due to wake effects.
Supplementary Note 4
The WRF simulations are carried out for four nested domains: 170 x 138, 187 x 160, 217 x 199, and 76 x 76 grid cells at 27-km, 9-km, 3-km, and 1-km resolution respectively. The domains appear in Supplementary Supplementary 
Supplementary Note 5
Sustainable development of wind resources may be complicated by the fact that wind is invisible, and the impact of waking has been difficult to measure until recently. However, with the substantial increase in U.S. wind development, and reasonable forecasts of additional development in constrained transmission corridors, the need to understand the physical, economic, and legal interactions between wind turbines and their local environments is urgent to ensure sustainable development and stewardship of these resources. The unsettled state of U.S. wind law has critical repercussions. This article illustrates that losses due to a lack of regulation may be much larger than companies have acknowledged, or perhaps realized. The failure to recognize the issue and to have regimes for predictably providing solutions for conflicts may raise the cost of wind energy and slow its development.
Starting in the fall of 2014, a team from the University of Denver Sturm College of Law began the legal research for this article. The primary focus of this research was to discern whether state regulators recognized and addressed the problem of production losses due to wind waking that is documented in this piece. The legal research was updated in January of 2018 because some states have enacted statutes related to wind development since the initial research work began.
Searches were initially conducted in the following electronic databases before being directed to specific websites: Thomson Reuters Westlaw, LexisNexis, Google, and Heinonline. Some of the terms used in this initial search and in a January 2018 update included "wind energy and property right," "wind farm," "wind w/10 turbine or energy," and "wind w/10 turbine and wake." (The Boolean phrase "w/10" indicates within 10 words of the previous word in legal electronic databases.) Aside from the specific terms, much of the research flowed from cases. Nevada Revised Statutes 278.02077 addresses "Prohibition against prohibiting or unreasonably restricting use of system for obtaining wind energy" and states that "Except as otherwise provided in subsection 2: (a) A governing body shall not adopt an ordinance, regulation or plan or take any other action that prohibits or unreasonably restricts the owner of real property from using a system for obtaining wind energy on his or her property. (b) Any covenant, restriction or condition contained in a deed, contract or other legal instrument which affects the transfer or sale of, or any other interest in, real property and which prohibits or unreasonably restricts the owner of the property from using a system for obtaining wind energy on his or her property is void and unenforceable. 2. The provisions of subsection 1 do not: (a) Prohibit a reasonable restriction or requirement: (1) Imposed pursuant to a determination by the Federal Aviation Administration that the installation of the system for obtaining wind energy would create a hazard to air navigation; or (2) Relating to the finish, location, noise, safety or setback of a system for obtaining wind energy; or (b) Preclude a governing body from denying an application for the issuance of a permit or special use permit for the installation of a system for obtaining wind energy if the governing body determines, based on the size, height or configuration of the system, that installation of the system: (1) Represents a danger to the health, safety or welfare of the public; or (2) Is not compatible with the character of the area in which the system is located."
The Oklahoma Wind Energy Development Act includes Oklahoma Statutes Title 17 § § 160.11 to 22 and was enacted in 2015. The subsection most relevant to the analysis in this article is §17-160.20, "Setback requirements A. After the effective date of this act, no wind energy facility may be constructed if the base of any tower is located at a distance of less than: 1. One and one-half . Setbacks vary significantly depending upon the "objectives the regulators seek to protect" (page 42). While setbacks can often be to protect wildlife or historic sites, "[t]he most common type of setback requirement prohibits turbines from being built within a specified distance from property lines of adjacent parcels" (page 42). The objective of most of these property-line setbacks is safety. For example, according to one source 9 , the Michigan 2008 standard says, "The property set-back requirement is designed to protect neighbors in the unlikely event of a tower failure. A setback equal to the tower's height should be adequate, but some communities require 1 ½ times the tower height as the setback. Sample Zoning for Wind Energy Systems §1609.A.2 " (page 42, n. 260). While at least half of the statewide model ordinances have provisions to allow an adjacent property owner to waive the setbacks, the concept is to protect the rights and safety of non-participating landowners. "Relating the setback requirement to tower height assures that a fallen tower of any size will not interfere with neighboring property uses" (page 44).
Secondary sources on the topic of wind wakes were researched through Westlaw, the LexisNexis research database, and through the Google Scholar search engine. Secondary sources were used to help identify relevant statutes and regulations that were applied to the question of wind wakes and relative wind rights between neighboring landowners. The secondary-source research was updated in January of 2018 using specific word searches of the three reports listed in Section I above-such as "wake," "energy loss," "buffer," "efficient," and "sustainable." The term "buffer" brought up this for Minnesota: "Wind Access Buffer: Turbine towers must be placed a minimum of 5 rotor diameters (RD) from all boundaries of site on the prevailing wind directions and 3 RD on the non-prevailing directions, unless otherwise approved by the Commission. Internal Turbine Spacing Requirements: Turbine towers must be placed a minimum of 5 rotor diameters apart on the prevailing winds directions and a minimum of 3 RD on the non-prevailing winds within the permitted site boundaries, unless otherwise approved by the Commission" (page A-50) 8 .
We also reviewed two websites that include compilations of some local wind policies and regulations. First, the US Department of Energy's "wind exchange" website at https://windexchange.energy.gov/policies-incentives purports to link to city wind ordinances. However the search function brought up "no results" for the following terms: "wake," "efficiency," "loss," or "noise." Second, Participants will examine complex aerodynamic phenomena in, around, and through wind plants, including turbine-wake interaction, wake-wake interaction, complex terrain, and turbulence effects."
The research team also searched broadly for journal articles and other materials that might address the topic of wind wakes. For example, searches of "wind energy regulation[s]," "wind wake regulation" on Google and "wind w/10 turbine and wake" in Lexis's Secondary Materials database brought the researchers back to several articles with which they were familiar. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] 
Supplementary Note 6
Although the federal government may have regulations addressing future offshore wind development, the United States has no national-level laws related to terrestrial wind siting. In addition, rather than looking to state control, most land use regulation has traditionally been at the local level. Wind follows the traditional pattern: the prevailing method of regulating wind siting in the United States is local.
While researching various statutes and agencies in 50 states is challenging, comprehensively researching local government regulation is not feasible as it would be impossible to investigate every possible regulation of wind development at every level of government, and furthermore to keep such an investigation current. Texas alone, which is the locus for the meteorological and economic analyses for this paper, has 254 county governments and over 3,300 cities, towns, and villages, all of which might have some form of wind regulation. In addition, some of the counties and towns that could have potential wind regulations do not have their laws in electronic format that can be searched, so a complete analysis would require on-the-ground visits to review county and local paper records.
Electronic searches were run on the counties encompassing the Roscoe and Loraine wind farm sites-Nolan, Mitchell, and Scurry Counties-as well as on neighboring cities-Sweetwater, Roscoe, Loraine, Colorado City, and Snyder. First, the team used Google to search for county data. Nolan County has no electronically searchable website. While Mitchell (http://www.mitchellcountytexas.us/) and Scurry (www.scurrytex.com) counties had searchable sites, the term "wind" brought up no hits.
Moving to the town level, the team searched the www.municode.com database for local ordinances in each of Sweetwater, Roscoe, Loraine, Colorado City, and Snyder. Of the five listed above, only Sweetwater appeared in the "Municode" list. Searching the terms "wind," "windmill," "turbine," and "tower," brought up only two regulations in Sweetwater, neither or which addressed wakes: "Section 29-34. Distance of windmill towers from electrical lines. Windmill towers shall not be located nearer to an electric line carrying in excess of two hundred fifty (250) volts of electricity than a distance equal to the height of the windmill and tower above its supporting surface plus six (6) feet. Section 29-35 Setbacks for windmills, towers, and water storage facilities. The setback for windmills, towers and water storage facilities shall be the same as outlined in the zoning ordinance of the city."
Google searches of these same three counties and five localities uncovered some sort of website for four: Sweetwater (www.cityofsweetwatertx.com), Roscoe ( www.roscoetx.com), Colorado City (www.coloradocitytexas.org), and Snyder (www.ci.snyder.tx.us). None of these websites provided relevant regulatory information in response to word searches such as "wind," "windmill," "turbine," or "tower." Loraine, which has a population of less than 1000, does not appear to have a city website at all. Finally, the researchers contacted Rod E. Wetsel of Wetsel Carmichael & Allen, LLP. Mr. Wetsel has practiced wind development law in Sweetwater, Texas, for more than three decades. He also is co-author of one of the lead books on the topic 17 , and he has written numerous articles about wind. Mr. Wetsel has taught wind law at University of Texas since 2012. In an email on January 11, 2018, Mr. Wetsel wrote, "I'm not aware of any county or city ordinances or regulations regarding wind in any of the named towns or counties [Nolan, Mitchell, Scurry, Sweetwater, Roscoe, Loraine, Colorado City, and Snyder]."
Supplementary Note 7
Because Minnesota's regulation of spacing within wind farms was recognized 9 , the team directly searched Minnesota statutes and regulations for this part of the analysis. Minnesota's "Wind Energy Conversion Systems" (WECS) legislation went into effect on August 1, 1995 13 . Minnesota Statute § 216F.01 defines a WECS as "any device such as a wind charger, windmill, or wind turbine and associated facilities that converts wind energy to electrical energy." 14 The statute further divides regulation of WECS into SWECS (Small Wind Energy Conversion Systems) of less than 5,000 kW and LWECS (Large Wind Energy Conversion Systems) meaning "any combination of WECS with a combined nameplate capacity of 5,000 kilowatts or more." The statute allows local governments to regulate SWECS exclusively. § 216F.02(c) (2017)( "Nothing in this chapter shall preclude a local governmental unit from establishing requirements for the siting and construction of SWECS.") Thus, local governments can, but need not, adopt ordinances to address the siting of wind farms with a combined nameplate capacity of less than 5 MW.
In contrast to SWECS, the Minnesota Statute created a permit system for LWECS of 5 MW or more ( § 216F.08) that "preempts all zoning, building, or land use rules, regulations, or ordinances adopted by regional, county, local, and special purpose governments" ( § 216F.07). Minnesota Statute § 216F.08(a) allows local counties to regulate the construction of LWECS greater than 5 MW and less than 25 MW, and the Minnesota PUC exclusively manages permitting of all LWECS greater than 25 MW. Even though the statute allows county boards to assume responsibility for permit application processing for LWECS with a combined nameplate capacity of less than 25 MW, the counties must follow the minimum setback standards established by the PUC ( § 216F.08(c)). A local county or municipality cannot apply standards that are less stringent than the standards the PUC established ( § 216F.07).
The wind statue appears to have been passed to exempt wind energy conversion systems from the power plant siting act, Minnesota Statute § 216E, which was initially passed in 1973. At the time the wind statute was passed in 1995, the power plant siting statute stated that "[t]he legislature hereby declares it to be the policy of the state to locate large electric power facilities in an orderly manner compatible with environmental preservation and the efficient use of resources. In accordance with this policy the board shall choose locations that minimize adverse human and environmental impact while insuring continuing electric power system reliability and integrity and insuring that electric energy needs are met and fulfilled in an orderly and timely fashion" (Minnesota Statute §216E.02 (1) (1977) ). Subsection 216F.03 of the Minnesota Statute appears to mimic much of the same language as the 1973 act, stating, "[t]he legislature declares it to be the policy of the state to site LWECS in an orderly manner compatible with environmental preservation, sustainable development, and the efficient use of resources."
Subsection .08(c) of the statute mandated that the Minnesota Public Utilities Commission "by order, establish general permit standards, including appropriate property line set-backs…." As a result, the PUC issued an ORDER in early 2008, that established standards for wind projects of less than 25 MW. 15 Although some advocates requested the PUC not to apply setbacks within the same LWECS project, the PUC chose to "maintain its current setbacks of three rotor diameters on the secondary wind axis and five rotor diameters on the predominant axis" as the standard buffer setback even for "internal turbine spacing" within an LWECS.
In addition, the Minnesota PUC's Order maintained the historical 3-rotor by 5-rotor set-back requirement "to protect the wind rights of landowners adjacent to, but not participating in, [a] permitted project…." While some commentators for the Order argued this was "overly conservative and does not economically or efficiently utilize state wind resources," at least one commentator, "PPM Energy, supported the current wind access buffer setbacks, considering the prevailing wind directions in Minnesota and the wake effects, or turbulence, between wind turbines." In adopting the setbacks, the PUC noted that "[t]his buffer setback has been shown to protect wind rights and future development options of adjacent rights owners." It also states that "[t]he wind access buffer setback is an external setback from lands and wind rights outside of an applicant's site control, to protect the wind and property rights of persons outside the permitted project boundary and persons within the project boundary who are not participating in the project." These setbacks were established at 3 rotor-diameters on the east-west axis and 5 rotordiameters on the north-south axis with seventy-eight to one-hundred-meter rotor diameters).
Nowhere is the word "wake" used in the statute or in At least 14 days prior to the pre-construction meeting, the Permittee shall file with the Commission the pre-construction micro-siting analysis leading to the final tower locations and an estimate of total project wake losses. As part of the annual report on project energy production required under Section 10.8 of the permit the Permittee shall file with the Commission any operational wake loss studies conducted on this project during the calendar year preceding the report."
It is unclear whether this provision is meant to protect neighboring, non-participating landowners, or if it is meant to increase efficiency within the permitted project. Read in conjunction with the contents of the PUC's Order Establishing General Wind Permit Standards dated January 11, 2008, it seems more likely that it is meant to increase efficiency within the project. The Order states, "The purpose of the internal turbine spacing setback and requirement that wake loss studies be submitted is to ensure that LWECS projects permitted by the Commission are designed and sited in a manner that ensures efficient use of the wind resources, long term energy production, and reliability." However, conversations with Minnesota personnel who helped establish the standards indicate that the 3x5 setbacks were crafted for both the protection of wind resources and maximizing public benefits from wind. (personal communication from Larry Hartman, Environmental Review Manager, Minnesota Department of Commerce, 9 Feb 2018). According to Mr. Hartman, the standard provides a uniform visual effect and minimizes wake losses internally and externally. The standards also follow most turbine manufacturer's warranties. Mr. Hartman confirmed that he frequently discusses Minnesota's setbacks and other wind standards with representatives from other states, and he does not think any other states currently require wake loss studies.
Despite the guidance in the Minnesota template provided by Mr. Eknes, even recent permit applications do not require any kind of in-depth discussion of either intra-farm or external wake losses. For example, the word "wake" appears three times in a recent permit, only in the context of "Internal turbine spacing could be compressed at additional turbines due to micrositing or other layout constraints, but in all cases fewer than 20% of the turbine spaces will be less than the required 3x5 RD spacing and will be subject to wake loss review and approval by the turbine manufacturer." 16 Mr. Hartman shared that some studies have been completed but not submitted, and that the PUC intends to follow up to ensure those will be submitted. He said that usually the information from the wake loss studies is simply incorporated into the permit through internal optimization studies performed by the developer, and that wake studies are not always addressed specifically. Hartman is currently working on repowering some of the existing projects (adding or replacing turbines), and he confirmed wake loss studies are not required for those repowering projects.
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